The fur on a cat's back, the scales on a fish, or the bristles on a fly are all beautifully organized, with a high degree of polarization in their surface organization. Great progress has been made in understanding how individual cell polarity is established, but our understanding of how cells coordinate their polarity in forming coherent tissues is still fragmentary. The organization of cells in the plane of the epithelium is known as planar cell polarity (PCP), and studies in the past decade have delineated a genetic pathway for the control of PCP. This review will first briefly review data from the Drosophila field, where PCP was first identified and genetically characterized, and then explore how vertebrate tissues become polarized during development.
D
rosophila PCP genes were first identified because of spontaneous mutations that caused a loss of organization in the surface bristles on the body, hairs on the wing, and photoreceptors in the eye (Fig. 1) . Mutations in genes that affect PCP gave rise to a disorganized surface appearance and were named accordingly (for example, dishevelled [dsh] and frizzled [ fz]) (Fahmy and Fahmy 1959; Gubb and Garcia-Bellido 1982) . The distinctive swirls that occur in the wing of flies mutant for other PCP genes reminded their discoverers of the works of Vincent Van Gogh, leading to gene names such as van gogh (vang) (Taylor et al. 1998 ) and starry night (stan) (Chae et al. 1999) . Genetic analysis indicated that these genes worked together and were needed for PCP in all tissues, thus they were named core PCP genes.
Core PCP genes include dsh, fz, vang, stan, prickle ( pk), and diego (dgo) (Feiguin et al. 2001) . fz encodes a seven-transmembrane receptor that functions as a receptor for Wingless (Wg), and dsh encodes a cytoplasmic transducer of the Wg pathway, implicating the Wnt pathway in PCP signaling and leading to the PCP pathway being referred to as the noncanonical Wnt pathway (for details of the canonical Wg/Wnt pathway, see Cadigan and Peifer 2009 ). Loss of Wg does not affect planar polarity, so original models in Drosophila PCP speculated that another Wnt might be the instructive cue for PCP, and that a gradient of a Wnt might direct PCP establishment. A great deal of effort went into investigating this possibility, with largely negative results. Neither overexpression of different Wnts nor loss of function of multiple Wnts caused defects in planar polarity in the wing. Thus, current models (in Drosophila) have discounted the Wnts as instructive factors in PCP, however, vertebrate data suggests Wnts may also play permissive roles in PCP (see the following discussion). The molecular nature of the other PCP genes reveals a diverse group of players. pk and dgo encode cytoplasmic proteins Feiguin et al. 2001) , whereas vang (also known as strabismus) encodes a four-pass transmembrane protein (Taylor et al. 1998; Wolff and Rubin 1998) and stan (also known as flamingo [ fmi]) encodes a seven-transmembrane protein with a large extracellular domain that contains multiple cadherin repeats (Usui et al. 1999) . Fmi can engage in homotypic cell adhesion, and Fmi-based adhesions are essential for the establishment of PCP.
Core PCP proteins become localized to apical junctions early in development (Axelrod 2001; Bastock et al. 2003; Das et al. 2004; Jenny et al. 2003; Tree et al. 2002) . Strikingly, during pupal development this distribution becomes reorganized into an asymmetric distribution in the cell. This asymmetric localization occurs before any overt morphological evidence of PCP and is thought to be important for PCP signaling (reviewed in McNeill 2002) . There are two distinct classes of asymmetric distribution: Fz, Dsh, and Dgo are localized to the distal side of each cell in the wing (where the hair will eventually emerge), whereas Vang and Pk are localized to the proximal side of each cell. Stan is localized to both proximal and distal ends of each hair cell (Fig. 2) . There is a similar polarized localization of PCP proteins in the eye; however, the pattern is more complex, consistent with the more complex structure of the eye. Instead of an identical, repetitive pattern of proximal distal accumulation, core PCP proteins only accumulate in a subset of cells, most importantly at the photoreceptor R3/photoreceptor R4 interface.
Loss of any one of the core PCP genes leads to loss of the polarized localization of all the other components, suggesting complex positive and negative interactions. Supporting this is the finding of direct binding between many of the components, at least in in vitro settings: Diego and Pk bind Dsh (Tree et al. 2002; Jenny et al. 2003) ; Fmi binds Vang (Wu and Mlodzik 2008) and Fz ; and Vang binds Pk and Dsh (Bastock et al. 2003; Park and Moon 2002) . Expression of Fz in tissue culture cells causes the recruitment of Dsh to the membrane (Axelrod et al. 1998; Axelrod 2001) and there are quite weak but direct interactions between Fz and Dsh (Wong et al. 2003) . Together these findings suggest that multiple direct protein-protein interactions underlie the asymmetric distribution of the core PCP proteins. It is still very unclear, however, how the direction of the asymmetry is established.
Another set of genes are only needed in subsets of tissues to direct planar polarity: These tissue-specific PCP genes include genes such as multiple wing hair (mwh) (Strutt and Warrington 2008) , fuzzy ( fy) (Collier and Gubb 1997) , and inturned (in) (Park et al. 1996) , which are only needed for wing PCP, and mirror, fringe, and roulette, which are only necessary for PCP in the eye (Choi and Benzer 1994; McNeill et al. 1997; Cho and Choi 1998; Dominguez and de Celis 1998; Yang et al. 1999; Strutt and Strutt 2003) .
A more recently discovered group of PCP genes include the large cadherins Fat and Dachsous (Ds) and the Golgi-associated kinase Four-jointed, and are referred to as the Fat/Ds/Fj PCP cassette (Zeidler et al. 1999; Casal et al. 2002; Rawls et al. 2002; Yang et al. 2002; Matakatsu and Blair 2004; Simon 2004) . These genes regulate PCP in all tissues in Drosophila; however, they form a distinct class of PCP genes from the core genes. Unlike the core PCP proteins, Fat and Ds are not distributed asymmetrically in the cell-instead the expression of Ds is graded over the tissue. In the wing, Ds is expressed at high levels at the proximal region of the wing and is absent from the distal portions. Conversely, Fj is expressed strongly at the distal edge of the wing and expression fades toward the proximal region. Fat is expressed evenly throughout the wing (Fig. 3 ). Current models propose that Ds binding to Fat inhibits Fat PCP activity (Yang et al. 2002; Ma et al. 2003) . Fat regulates the expression of fj via direct binding of the transcriptional repressor, Atrophin (Fanto et al. 2003) . Original models of PCP suggested that the Fat/Ds/Fj cassette is upstream of the core PCP genes and directs their asymmetric distribution. This has been recently challenged (Casal et al. 2006) , and it is currently unclear if the Fat/Ds cassette is upstream or in parallel of the core PCP, and if it is, how the information is propagated from one system to the other. Intriguingly, recent studies have shown that Fat binds to the kinase Dco , which has been shown to regulate PCP via the core PCP protein Dsh (Strutt et al. 2006) , providing a possible link between core and Fat/Ds PCP regulation. Interestingly, Fat forms cis-dimers and Ds binding to Fat promotes Fat dimerization and phosphorylation by Dco ). Recent data also indicates that the Fat/Ds cassette regulates tissue growth through the Hippo pathway (reviewed in Sopko and McNeill 2009) , but the regulation of growth appears to be separable from the control of PCP.
NONAUTONOMOUS PLANAR CELL POLARITY
One of the most striking yet mysterious aspects of planar cell polarity is the phenomena known as domineering nonautonomy. Analysis of patches of mutant tissues (induced by recombination and called mosaic clones) revealed that 
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wild-type tissue bordering the mutant tissue lost polarity (Fig. 1 ). This phenomena is seen in all tissues, but is easiest to describe in the wing, which is planar polarized in the proximal -distal axis. The direction of the nonautonomy is consistent for each genotype: For fz
clones, wild-type cells distal to the clone lose planar polarization, but those proximal to the clone are normal (Vinson and Adler 1987) . Conversely, clones of Vang 2/2 cells disrupt the organization of wild-type cells on the proximal side of clones, whereas distal cells are unaffected (Taylor et al. 1998) . Nonautonomous disruptions of PCP are also seen with Fat/Ds/ Fj clones. In this case, clones of Ds disrupt polarity on the opposite side of the clones from clones of Fat, which is one of the arguments that Ds inhibits Fat activity in PCP. Interestingly, not all elements of the core PCP pathway display nonautonomous polarity defects: Clones of Dsh, Pk, Diego, and Fmi do not affect the polarity of adjacent wild-type cells (Strutt and Strutt 2007) . In addition, there are separable mutations that affect Fz autonomous and nonautonomous PCP activity (Vinson and Adler 1987) , and different times at which Fz autonomous and nonautonomous signaling function during development . This has led to the proposal that there are separable cell-autonomous and -nonautonomous routes for PCP signal. The mechanistic basis of nonautonomous polarity is hotly contested at present Lawrence et al. 2008; Wu and Mlodzik 2008) .
MAMMALIAN PCP
Mammalian tissues also show clear planar organization, and for many years it was speculated that the coordinate organization of hair cells in the inner ear or the fur on an animal's back represented a similar process as Drosophila planar polarity (Eaton 1997) and might be subject to control by homologs of Drosophila PCP genes. This has been strongly supported by findings in the past few years. Loss of Fz6, for example, leads to disorganized hair on the back of a mouse with swirls that look strikingly similar to the swirls seen on the wing of a fly with mutations in PCP genes (Guo et al. 2004) . Similarly, mutations in Vangl2 disrupt the coordinate organization of hair cells in the inner ear of mice (Montcouquiol et al. 2003) . In depth analysis of the processes underlying the planar organization of these tissues has found some striking similarities between Drosophila and mammalian PCP establishment, but also some important differences.
PLANAR POLARITY IN THE INNER EAR
The inner ear is a complex structure that requires precise planar organization to carry out its function in hearing and in balance (Fig. 4) . The cochlea is essential for hearing, whereas balance is dependent upon the otolith organs and semicircular canals. The organ of Corti, in the cochlea, contains of rows of sensory cells known as hair cells. Hair cells have apical microvilli-derived stereocila and a single primary cilium known as the kinocilium. The stereocilia and kinocilum form a V-shaped structure that is polarized across a field of hair cells. The cochlea has one row of inner hair cells and three rows of outer hair cells, which are interdigitated with support cells. The vertices of the hair bundles all point toward the periphery of the cochlea, thus displaying planar polarity. There is also a planar polarity of the sensory hair cells of the vestibular system, where, intriguingly, the hair cells "point" toward a central line of polarity reversal. This is reminiscent of the reversion of PCP that occurs at the equator of the fly eye. The planar organization of hair cells in the inner ear is disrupted in a number of core PCP mutants, supporting the proposal that this coordinate organization is a form of vertebrate PCP. Mutation of Vangl2 (Montcouquiol et al. 2003; Qian et al. 2007; Torban et al. 2008) or Celsr1 (a homolog of Fmi/Stan) (Curtin et al. 2003) disrupts hair cell orientation. Single loss of (Etheridge et al. 2008) . Loss of Fat4, the homolog of Drosophila Fat, also causes defects in orientation of hair cells of the inner ear (Saburi et al. 2008) , although these effects are weaker than those found in Vangl2
Lp/Lp or Celsr 2/2 mutants. Thus the phenotypes of many mutants suggest that vertebrate homologs of Drosophila PCP genes control similar planar tissue organization. There may be some dependence on a variety of PCP genes in different portions of the ear.
Excitingly, close analysis of the inner ear has also shown that vertebrate core PCP proteins display asymmetric protein distribution, analogous to Drosophila core PCP proteins. Fz3 and Fz6 proteins are localized to the lateral faces of sensory and supporting cells in all sensory epithelia in a pattern that correlates with the axis of planar polarity (Wang et al. 2006 ). Vangl2, Dvl2, and Pk2 have also been shown to have asymmetric localization in vertebrates (Montcouquiol et al. 2006; Wang et al. 2006; Deans et al. 2007; Devenport and Fuchs 2008) . Therefore, a polarized localization of PCP components is a conserved feature of the PCP signaling cascade. This suggests that the mechanism of asymmetric localization of PCP proteins is conserved and likely to play an important role in the establishment of planar polarized tissues. This asymmetry has been seen in other tissues and in other species: Pk, for example, is asymmetric in the fish neural keel during early development (Ciruna et al. 2006) .
And, as in flies, loss of components of the core pathway can disrupt the localization of other core PCP proteins: For example, loss of Vangl2 leads to loss of polarized localization of Fz3 and Fz6 (Montcouquiol et al. 2006; Wang et al. 2006) , again highlighting conservation of mechanisms between flies and mice. It is not a completely simple story, however, as some of the proteins that show distinct protein localizations in Drosophila are found in overlapping patterns in the mouse. For example, in flies, Fz and Dsh colocalize on the distal edges of hair cells, whereas Pk and Vang are localized to the proximal side of cells. It was surprising, therefore, to find that Vangl2, Fz, and Fz6 are found on the same side of inner ear sensory cells (Montcouquiol et al. 2006) in the mouse. Thus, the details of the implementation of the PCP signal may be more complicated in mammals, and one cannot simply extrapolate from the fly data.
PLANAR POLARITY IN VERTEBRATE HAIR
The sleek organization of hairs on the back of a horse or a mouse is clearly analogous to the hairs on a fly's wing, but very different in the underlying biology. Mammalian hairs are made up of groups of cells, whereas the hair on a flies wing is a single actin-rich extension present on each cell. Yet, satisfyingly, recent data has indicated that the planar organization of these very different tissues is controlled by the conserved PCP signaling molecules.
Initial studies showed that Fz6 2/2 mice have disorganized fur and suggested that the strongest disorganization occurred with interspersed Fz6 2/2 patches in chimeras (Guo et al. 2004) . Inversin is a homolog of the core PCP protein Dgo, and inversin mutants have hair patterning defects similar to those observed in Fz6 2/2 mice (Simons et al. 2005 ). More recent studies have shown that many core PCP genes are involved in establishing organization of hair in vertebrates (Devenport and Fuchs 2008) . Fur is not visible on newborn mice, and loss of many PCP genes causes embryonic lethality. Thus the full contribution of PCP genes to planar organization of hair can only be seen in transplants and chimera experiments.
Hair formation begins in the mouse at E14.5. Inductive signals from the dermis cause placodes to bud from the overlying epithelium. Groups of cells aggregate and invade the dermis. Eventually, the entire structure becomes polarized in the plane of the epithelium with a resulting tilt that causes the hair to lay flat as it emerges. As the hair germ develops, cells on the anterior side constrict basally and more posterior cells become elongated and columnar. Clearly this is a process that is far more complicated than causing a single actin-rich cellular extension to arise from one side of the cell, as in the fly wing. It is perhaps more analogous to the development of polarity in the Drosophila eye, which also forms from clusters of cells that rotate 908 to adopt their final morphological polarity. Although every cell in the fly wing shows a proximal -distal distribution of core PCP proteins, in the eye only a subset of cells display asymmetric core PCP protein distribution. In a similar manner, examination of the distribution of core PCP proteins in the developing epidermis revealed that Vangl2, Fz6, and Celsr1 are asymmetrically distributed (Devenport and Fuchs 2008) . Vangl2 and Celsr1 are restricted to the lateral sides of the basal epidermal cells and enriched along the anterior-posterior axis. In addition, there also appears to be a nonautonomous component to PCP, as chimeric experiments revealed that Vangl2 Lp/Lp tissue disrupts the polarity of adjacent wild-type hair follicles.
PLANAR POLARITY GENES CONTROL COORDINATE CELL MOVEMENTS AND PROMOTE LENGTHENING AND NARROWING OF TISSUES
The planar polarity of the inner ear and of the fur of mammals is conceptually similar to the organization of cells in the wing and the eye of the fly. However, there are also novel PCP phenotypes in mammals that do not directly correlate with classic Drosophila PCP phenotypes. Most notable is the role of PCP genes in polarized cell movements needed to establish the correct shape of many organs, and even of animals. Loss of many PCP genes leads to problems in neural tube closure, eyelid closure, and cochlear extension. Underlying all of these defects is a loss of polarized cell movements that cause tissues to narrow and lengthen.
The first indications of a role for PCP proteins in this process were found in frogs and fish, where altering Dsh, Fz7, or Wnt11 disrupted the cell movements of convergent extension during gastrulation (Djiane et al. 2000; Heisenberg et al. 2000; Wallingford et al. 2000) . This resulted in animals with short, broad tissues. Excitingly, point mutations in Dsh, which specifically altered PCP in flies, led to convergent-extension defects, thereby supporting the proposal that the morphogenetic defects observed were because of loss of PCP signaling. Altering Vang also lead to convergence and extension defects (Goto and Keller 2002) . Because of these original observations, many other PCP components have been shown to affect convergence and extension movements in fish and frogs (reviewed in Tada and Kai 2009).
Analysis of mice mutants for various core PCP components soon revealed that the neural tube failed to close in many cases and that a lack of convergence and extension movements in the developing tissue underlies the neural tube closure defects. The neural tube closure defects are at times extreme (when they are called craniorachisis), or can be more subtle. Defects in neural tube closure are found in Vangl2
Lp/Lp mutants (Kibar et al. 2001) , Celsr mutants (Curtin et al. 2003) , Fz3/Fz6 double mutants (Wang et al. 2005) , and Dvl1/Dvl2 double mutants. Early studies showed that the midline fails to narrow and extend properly in Vangl2
Lp/Lp embryos. Although the neural folds form and elevate normally, they are spaced widely apart as a result of intervening cells that have not intercalated.
Many developmental defects caused by loss of convergence and extension movements occur in PCP mutants. One example is lack of eyelid closure. Eyelid closure normally occurs at about E16 in the mouse and, like neural tube closure, involves a medial convergence of a pair of flanking epithelial sheets. Defects in eyelid closure are found in Fz3,Fz6 mutants and Celsr mutants. A narrowing and lengthening analogous to convergent extension also occurs during development of the organ of Corti in the mammalian cochlea and this shape change fails to occur in Vangl2 mutants, Dvl1;Dvl2 double-mutants, Fz3;Fz6 double-mutants, and Fat4 mutants (Montcouquiol et al. 2003; Wang et al. 2005; Wang et al. 2006; Saburi et al. 2008) . Thus shaping elongated tissues is a crucial role of many PCP genes.
CYSTIC KIDNEY DISEASE AND VERTEBRATE PCP
An unexpected defect caused by loss of PCP signaling is cystic kidney disease. One of the first indications of a link between cystic kidney disease and PCP in mammals was the finding that mutations in inversin cause cystic kidney disease. Inversin is a homolog of the core PCP protein Dgo, and controls the balance between canonical and noncanonical Wnt (PCP) signaling (Simons et al. 2005 ). This provided a potential link between PCP and cystic kidney disease. At that time, however, it was unclear how loss of normal PCP signaling might lead to cyst formation.
More recent studies have suggested how PCP signaling may function in normal kidney development and why defective PCP signaling causes cystic dilations of kidney tubules. Using cell lineage tracing and examination of cell in mitosis, it was shown that when tubular epithelial cells divide, there is a high degree of oriented cell division (Fischer et al. 2006 ): 95% of cells divide within 348 of the axis of the tubule. This suggested that oriented cell division is essential for the normally thin elongated tubes that make up much of the nephron (Fig. 5) . Importantly, two different mouse models of polycystic kidney disease display Normal development PCP or PKD mutants Figure 5 . Oriented Cell division is lost in PCP mutants, leading to cyst formation. During normal development, epithelial cells in the kidney tubule have oriented division, resulting in an elongation of the tubule during development (top). In PCP mutants such as Fat4, this strict oriented cell division is lost, leading to a widening of the tubule diameter and eventually cyst formation (bottom).
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Cite this article as Cold Spring Harb Perspect Biol 2010;2:a003376 loss of oriented cell division. Previous studies had shown that loss of PCP genes leads to defects in oriented cell division in flies and in fish (Gho and Schweisguth 1998; Garoia et al. 2000; Bellaiche et al. 2001; Gong et al. 2004; Baena-Lopez et al. 2005) . Given the known role of PCP signaling in oriented cell division, cystic kidney disease might be caused by defective PCP.
This hypothesis was recently strengthened by the observation that mutants in Fat4, an ortholog of Drosophila Fat, display many classic PCP phenotypes, including inner ear defects and neural tube defects (Saburi et al. 2008) . The Fat/Ds/Fj signaling cassette seems to function in the same way in mice as in flies, because in Fat4 mutants, Fjx1, the fj ortholog is transcriptionally up-regulated, as it is in flies in fat mutants. Importantly, Fat4 mutant kidneys have dilated tubules and cysts. Analysis of the oriented cell division revealed that loss of Fat4 leads to randomization of spindle orientation at birth. The cystic phenotype of Fat4 mutant kidneys was enhanced by loss of Fj ortholog, fjx1, as well as loss of one copy of the core PCP gene Vangl2, further supporting the hypothesis that loss of PCP signaling leads to cyst formation. Loss of Drosophila Fat leads to loss of oriented cell division in the wing, suggesting the role of Fat in controlling cell division is conserved (Baena-Lopez et al. 2005) . Interestingly, Fat4 is localized to the primary cilium, an organelle already implicated in polycystic kidney disease and in vertebrate PCP signaling.
The finding that the majority of protein products of cystic disease genes are localized on the primary cilia has led to the ciliary hypothesis of cystic disease (Kim and Walz 2007; Yoder 2007; Harris and Torres 2008) . A potential role for cilia in the kidney is in flow sensing: Renal cilia project into the tubule lumen and will bend in response to fluid flow. Bending of the cilia stimulates an increase in cytosolic calcium concentration (Praetorius and Spring 2003) leading to the proposal that primary cilia function as mechanosensors of urine flow in the renal tubules, and that loss of flow sensing leads to cyst formation.
However, recent papers (Piontek et al. 2007; Patel et al. 2008) have challenged the notion that tubular geometry is maintained by the mechanical bending of cilia in response to flow. Intriguingly, recent data has suggested that PCP signaling may be linked to cilia function. Many ciliary proteins that have been linked to cystic disease, such as Bardel-Biedl syndrome and Oculo-Facial-Digital syndrome, also show PCP defects (Davenport and Yoder 2005; Ferrante et al. 2008; Ross et al. 2005 ). In addition, cyst formation in kidneys occurs when cilia are ablated, and, intriguingly, the control of oriented cell division is also lost in cells lacking cilia (Patel et al. 2008) .
CILIA AND PCP
Many links have been made between PCP and cilia, although the exact nature of the relationship between these is still unclear. Loss of the PCP effector genes fuzzy and inturned leads to disruption of the cytoskeleton (Park et al. 2006 ) and defects in cilia formation. Ciliary associated proteins such as Inversin are thought to regulate the balance between canonical Wnt signaling and noncanonical (PCP) signaling, potentially through regulation of Dsh (Simons et al. 2005; Simons and Walz 2006; Benzing et al. 2007 ). It has also been found that interfering with the core PCP protein Dsh causes loss of cilia in bronchial epithelial cells because of defects in docking of basal bodies (Park et al. 2008) . Loss of cilia leads to defects in convergent extension of the cochlea (Jones et al. 2008) . And, as mentioned, PCP proteins such as Fat4 and Vangl2 localize to the base of cilia (Ross et al. 2005; Saburi et al. 2008 ) in cultured cells.
What might be the role of cilia in PCP? Cilia are thought to be chemosensors and may be important in sensing PCP signals (of as yet undefined nature). Another place for cilia might be in response to PCP signals. Recent studies in the cochlea support the placement of cilia downstream of PCP signaling, as loss of cilia does not affect the polarized distribution of core PCP proteins (Jones et al. 2008 ).
VERTEBRATE-SPECIFIC PCP GENES
The role of cilia in PCP and cystic kidney regulation highlights a function in PCP that is vertebrate specific. Few cells in Drosophila are ciliated, and cilia have no role in the control of PCP in the wing or eye of the fly. The role of cilia in vertebrate PCP is further underscored by the observation that many genes identified as susceptibility loci for Bardet-Biedl syndrome (BBS) show characteristic PCP defects, including open eyelids, neural tube defects and inner ear polarity disruptions (Ross et al. 2005) . BBS is associated with cystic disease and obesity, and BBS proteins localize to the primary cilia.
Another class of vertebrate-specific PCP genes are related to Wnt signaling. There are 19 mammalian Wnt ligands, the majority of which signal predominantly in canonical signaling via binding to Fz receptors and activation of Dsh homologs (Dvl). Activation of Dvl disrupts the b-catenin disruption complex (composed of Axin, APC, GSK3, and CK1), resulting in stabilization of b-catenin. bcatenin can translocate to the nucleus, where it activates transcription of target genes in conjunction with TCF/LEF transcription factors (reviewed in Huang and He 2008) (see also Cadigan and Peifer 2009) . In contrast, noncanonical Wnt signaling is b-catenin independent. A number of Wnts appear to regulate noncanonical signaling. For example, hair cells are misoriented in the cochlea of Wnt5a mutant mice (Qian et al. 2007 ) and both Wnt5 and Wnt11 are required for convergent extension in fish and frogs (Heisenberg et al. 2000; Tada and Smith 2000; Kilian et al. 2003) . Surprisingly, the convergent extension defects of Wnt11 mutants can be rescued by exogenous expression of Wnt11, suggesting that Wnt11 plays a permissive role in PCP (Heisenberg et al. 2000) . Recent studies suggested that the ability of a specific Wnt to signal via canonical versus noncanonical pathways may be caused by the presence of specific coreceptors or additional kinases. (Hikasa et al. 2002; Lu et al. 2004; Yamamoto et al. 2008) , which may reflect the need for more complex regulation of PCP in vertebrates.
Similarly, the receptor tyrosine kinase PTK7 functions in vertebrate PCP; mutants have neural tube closure defects and inner ear PCP defects (Lu et al. 2004 ). However, the fly homolog of PTK7, Otk, has been studied, and there are no PCP defects in either the eye or the wing in otk mutants (Winberg et al. 2001) . Thus perhaps PTK7 has evolved additional functional interactions with the PCP pathway during mammalian evolution.
Of particular interest is the finding that mutations in vertebrate Scribble (Scrb) and Discs Large (Dlg) affects PCP in mammals. Scrb and Dlg are core components of the laterally acting Scrb group, which counteracts the apical-promoting Crumbs complex (reviewed in Dow and Humbert 2007; Assemat et al. 2008; Martin-Belmonte and Mostov 2008; Yamanaka and Ohno 2008) . Although Drosophila Scrb and Dlg have no role in PCP, current data indicate a role for these genes in PCP control in mammals.
Scrb1 mutants have neural tube closure defects (Murdoch et al. 2003) and hair cell polarity defects in the inner ear (Montcouquiol et al. 2003) . Vangl2 and Scrb1 colocalize, and there are very strong genetic interactions between Scrb1 and Vangl2: Scrb1 2/þ ; Vangl2 2/þ mice have clear PCP defects. Interestingly, Scrb1 binds directly to Vangl2 (Montcouquiol et al. 2006) , suggesting these genetic interactions are caused by a direct physical interaction between these proteins.
One possible explanation for the role of Scrb in PCP might be that it is needed for the correct localization of Vangl2. Interestingly, Scrb also binds Lgl, at a site distinct from the Vangl2 binding domain (Kallay et al. 2006) , and Dsh binds Lgl (Dollar et al. 2005) . Although none of these genes affect PCP in Drosophila, there are data indicating that loss of apical polarity components, such as aPKC, can weakly disrupt PCP in flies (Djiane et al. 2005) . Another possible link could be via JNK, because loss of Scrb complex components in Drosophila results in activation of the JNK pathway. This points out another paradoxical aspect of PCP signaling in flies and mice. Original studies in Drosophila suggested that JNK was a key component of PCP. These studies were based primarily on overexpression experiments (Boutros et al. 1998) , and later studies showed that there were little if any PCP defects found in JNK mutants (Weber et al. 2000; . Therefore, in current models of PCP in flies, JNK is no longer considered to play a key role in PCP signaling. The role of JNK in mammalian PCP is generally accepted (Bloor and Kiehart 2002; Kaltschmidt et al. 2002; Kuhl 2002; Schwarz-Romond et al. 2002; Habas et al. 2003; Takeuchi et al. 2003; Cong et al. 2004; Medina et al. 2004; Unterseher et al. 2004; Schambony and Wedlich 2007; Tahinci et al. 2007; Bikkavilli et al. 2008) , although some recent studies have suggested that inhibiting JNK either genetically or with pharmacological inhibitors does not affect convergent extension (Ybot-Gonzalez et al. 2007 ). In any case, the exact contribution of JNK to mammalian PCP is not yet clear and requires further investigation.
SUMMARY AND FUTURE DIRECTIONS
Work from flies, fish, frogs, and mice has shed light on how tissue organization is regulated in development. Yet many questions remain unanswered. How spatial information is communicated to cells in a tissue is a crucial question. Recent studies have revealed a role for Wnt11 in orienting muscle fibers (Gros et al. 2009 ), providing perhaps the best example of information provided by Wnts in tissue organization. But is this direct or indirect? Work from Drosophila has indicated that the Fat/Ds/Fj cassette may provide positional cues for PCP downstream of Wg, and this is a possibility that should be examined in the mouse. In no system is it certain if the Fat/ Ds/Fj cassette is upstream of core PCP proteins: Understanding the relationship of the core PCP proteins to the Fat pathway is an important goal. And if it is upstream, how is PCP information conveyed from Fat to the core PCP proteins? Perhaps the biggest challenge of all is to understand how information from the PCP genes is transformed into cell reorganization to generate the nearly flawless planar polarization evident in the animals we see around us every day.
